Why are females still underrepresented in science? The social factors that affect career choices and trajectories are thought to be important but are poorly understood. We analyzed author 14 gender in a sample of >61,000 scientific articles in the biological sciences to evaluate the factors that shape the formation of research teams. We find that authorship teams are more gender-16 assorted than expected by chance, with excess homotypic assortment accounting for up to 7% of published articles. One possible mechanism that could explain gender assortment and broader 18 patterns of female representation is that women may focus on different research topics than men (i.e., the "topic preference" hypothesis). An alternative hypothesis is that researchers may 20 consciously or unconsciously prefer to work within same-gender teams (the "gender homophily" hypothesis). Using network analysis, we find no evidence to support the topic preference 22 hypothesis, because the topics of female-authored articles are no more similar to each other than expected within the broader research landscape. Instead, consistent with a model of moderate 24 gender homophily, we find that the prevalence of matched-gender teams increases as a discipline moves towards gender parity. This can occur because latent preferences are more easily fulfilled 26 in a gender-diverse environment. Finally, we show that female authors pay a substantial citation cost to work in gender-matched teams. Notably, the prevalence of homotypic assortment is 28 predicted to increase in the future if more disciplines shift towards gender parity. These data indicate that social preferences can have important downstream consequences for the retention of 30 women and other underrepresented groups in science. 32
The underrepresentation of women in science careers persists even in fields like biology where female undergraduate representation has exceeded parity (50%) for more than 30 years [1] [2] [3] . 44 Some of the factors hypothesized to contribute to this leaky pipeline include gender differences in academic preferences and performance, the incompatibility of child-bearing with advanced 46 training in the sciences, gender stereotypes, and discrimination [4] [5] [6] . Because science is increasingly a team endeavour, the social environment is expected to play a key role in career 48 trajectories, collaboration opportunities, and subsequent retention [6] [7] [8] [9] . However, analyses of collaboration and patterns of co-authorship, a key metric of academic success, are relatively 50 scarce.
To analyze the gender composition of authorship teams, we compiled a sample 52 of >101,000 scientific articles by multi-authored teams from the US, England, and Canada. This dataset represents 10% of the research output in those countries within seven major disciplines of 54 biology (biophysics, ecology, plant sciences, biochemistry, neurosciences, cell biology and psychology; the sampled articles were from 2007, 2011, 2015 and 2018). Each of these 56 disciplines also exhibits consistent differences in the overall representation of female authors ( Fig. 1A ). We used a large database of over 180 million birth records to match author first names 58 with gender, yielding >61,000 articles for which both the first and last authors could be genderidentified with a high degree of certainty [10, 11] . Our analysis focuses on these two author 60
positions because most papers have at least two coauthors, and because the convention in the biological sciences is that the first and last authors made the greatest intellectual contribution to 62 the research [10] . We find that the gender composition of authorship teams is not balanced: there are significantly more female-biased and male-biased author teams than expected by chance, 64 based on the gender ratios within each discipline ( Fig. 1B [12] ). Why should authors work in gender-matched teams? One possible explanation is that 66 females and males may prefer different research topics [1, 7] . Hence, homotypic gender assortment may be a by-product of shared topic preferences. This "topic preference hypothesis" 68 is intuitively appealing, because it could also explain the broader differences among scientific disciplines ( Fig. 1A, [7] ). We used a semantic network analysis to test this hypothesis, arranging 70 the articles within each discipline into a network based on their shared keywords ( Fig. 2A-B ). We then tested whether first (or last) author genders were clustered together within these 72 networks, by examining network assortment of author gender ( Fig. 2C-D) . Contrary to the topic preference hypothesis, female-authored articles were not more semantically-related to each other 74 than expected by chance (and nor were the male-authored articles; all r < 0.02). Moreover, we did not find any assortment by first-or last-author gender when examining networks that were 76 pooled across the disciplines within each studied year (all r < 0.02). An alternative explanation for homotypic gender assortment may be homophily, or a 78 preference for same-gender coauthors [12] [13] [14] [15] . Gender homophily is part of a broader mechanism of social selection, defined as when individuals form social relationships on the basis 80 of preferred partner characteristics [16] . It is important to note that these preferences may often be unconscious (i.e., researchers need not be aware of the social preferences driving their career 82 choices). To explore whether a model of homophily was consistent with the bibliometric data, we used an individual-based model to simulate a constant, two-fold greater preference for same-84 gender coauthors. The simulation was agnostic as to whether gender preferences were conscious. Remarkably, in both the simulation and the actual data, the gender assortment of teams increased 86 markedly as female representation within a discipline approached parity ( Fig. 3A-B ).
Why should more equitable disciplines have greater homotypic gender assortment? Our 88 simulation reveals that it is not necessarily because the individuals in more gender-balanced disciplines have stronger preferences. Instead, it is simply easier to fulfill one's latent social 90 preferences in a diverse environment, regardless of whether those preferences are conscious or not. Hence, the data are consistent with a scenario of widespread gender homophily that is more 92 easily achieved in a gender-diverse field. This raises the possibility that homophily may also explain broader patterns of disciplinary representation shown in Fig. 1A . It is important to note 94 that our bibliometric analysis is limited to a pool that is already female-deficient, because most undergraduate female trainees do not persist through training at an advanced level [1, 2] . There is 96 a strong need for additional research to evaluate whether homophily explains why many individuals drop out of science altogether [17] . 98
Together, these results indicate that gender assortment in scientific publishing is driven by social selection during team formation, and not by gender-specific topic preferences. Based 100 on our data, we cannot determine whether homophily is driven mainly by females who prefer to work with females, males who prefer to work with males, or both. Nor can we determine 102 whether gender preferences in academia are exerted by first authors (typically the trainees), last authors (typically the principal investigators, PIs), or both. Recent evidence suggests that both 104 male and female PIs may be biased towards favoring male trainees [5, 18] , which would be expected to counteract broader patterns of assortment. Given the small proportion of total 106
trainees who apply to any one PI, we hypothesize that social selection by junior trainees may be the crucial factor explaining representation at both the team and disciplinary level. Remarkably, 108
gender homotypic assortment has also been found to occur among established researchers interacting in scientific peer editing and peer reviewing networks [19] , demonstrating that social 110 selection continues to shape academia, even at advanced career stages. To evaluate whether researchers gain an impact advantage from working in gender-112 matched teams, we analyzed the citation rates of >61,000 articles that had multiple authors and identifiable first-and last-author gender. We find that male gender-matched teams enjoy a 114 significant citation advantage ( Fig. 4) . Females, on the other hand, are at a citation disadvantage when they work with other females (Fig. 4 ). The significant difference between male and female 116 gender-matched teams corresponds to a 1.6-fold greater probability that the male-male teams will become highly cited. If we assume no gender differences in the average quality of the 118 research, these citation disparities could be caused by bias in the research community, whereby male-led research is viewed more favorably [20] . But citation differences could also be caused 120 by the fact that male researchers are more productive, and have greater career longevities, publication rates, and self-citation rates [1, 11, 21] (the latter of which could easily be due to 122 productivity). Regardless of the mechanism, our results in Fig. 4 suggest that female researchers pay a significant citation cost to work in gender-matched teams. 124
Although beyond the scope of our study, female gender-matched teams may accrue other benefits unrelated to citation rates. For example, an environment that is made up of 126 predominantly female trainees and male senior PIs might reinforce the perception that scientific leadership is associated with maleness, regardless of the quality or intentions of the PIs [17]. 128
Such an environment might also exacerbate stereotype threat (i.e., where females' performance fulfills their stereotyped expectations [22]). Therefore, it is important to bear in mind that quotas 130 or attempts to achieve gender parity through broad incentives may have unintended consequences. 132
Our data and simulation indicate that gender homophily is a widespread phenomenon that structures the academic environment. Given that gender differences in the attitudes towards 134 STEM disciplines are apparent as early as kindergarten in elementary school [reviewed in 6], we propose that social preferences may amplify early disparities as students progress through 136 educational milestones. Homophily may thus interact with other factors to ultimately produce disparities at the undergraduate level [2] and beyond (Fig. 1A) . Unfortunately, women scientists 138 are less visible to students at all levels, not only because there are fewer of them, but also because they are less widely promoted through awards and honors [23, 24] . A major question is 140 whether and how gender homophily can be harnessed to begin to have positive effects on the STEM career pipeline. This is important because our data predict that the extent of homotypic 142 gender assortment may increase as fields become increasingly gender-balanced in the future. across seven biological disciplines that vary in the representation of female authors (± SD). The intra-class correlation coefficient for representation was 0.78 [95% confidence interval = 0.50-148 0.95] indicating strong and consistent differences among disciplines (n = 28 discipline-years). B) The gender assortment of authorship teams was greater than expected (p < 0.0001). The null 150 expectation is that team members would be chosen proportional to gender representation in the relevant discipline. 152
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Figure 2. Gender is not associated with particular research topics within disciplines. A) We 154
built an article network for each discipline containing all publications that could be linked by their shared keywords. Hence, each network represents a landscape of research topics. Two 156 example networks are shown for Cell Biology and Psychology; each node represents an article, colored by its primary sub-discipline. B) We used Newman's r to verify that the resulting 158 networks were structured by sub-discipline. As expected, all of the networks had strong positive assortment (that is, the articles clustered near others in the same sub-discipline). C-D) We used 160 these networks to test the hypothesis that male and female authors prefer different types of research. D) Contrary to this hypothesis, there was no clustering by author gender. All of the 162
Newman's r values for author gender were between 0 and 0.02, indicating that the female and male researchers were well-mixed with respect to research topics within each discipline. In B  164 and D, the 95% confidence intervals were determined by bootstrapping, and the confidence intervals are much narrower than the data points. In A and C, only a random subset of 300 166 articles are shown for clarity. However, the analysis was based on the full networks (n = 4,102-12,543 articles per network). 168 assortment increases towards parity. A) We simulated team formation when either male, or female, authors had a constant two-fold greater preference for same-gender partners (n = 3,800 172 simulation runs). In both cases, assortment peaked at gender parity, and then decreased according to a symmetrical polynomial relationship. The lines of best fit were determined using generalized 174 linear regression. The shaded area is the 95% central range of excess assortment binned along the x-axis. B) Consistent with the simulation, the assortment of actual scientific authorship teams 176 also increased towards gender parity. The scatterplot shows partial residuals (y-axis) from a mixed-effects model that accounts for variation among disciplines (Table S2) . 178 the potential effects of team composition on citation rates, we analyzed the probability that a published article became highly cited at a rate > 10 times per year (n = 61,300 articles from 7 182 disciplines). Male-biased teams enjoyed a significant citation advantage over other teams. In contrast, females payed a citation cost to work in gender-matched teams. Boxplots show the 184 median, quartiles, and range of predicted probabilities (grey: mixed-gender, red: matchedgender). Asterisks indicate statistical significance in Tukey post-hoc comparisons (* p < 0.05; ** 186 p < 0.01; *** p < 0.0001; see Table S3 ). 188 
